With 78.7 days of observations for PG 0112+104, a pulsating DB star, from Campaign 8 of Kepler 2 mission, Hermes et al. made a detailed mode identification. A reliable mode identification, with 5 l = 1 modes, 3 l = 2 modes, and 3 l = 1 or 2 modes, was identified. Grids of DBV star models are evolved by WDEC with element diffusion effect of pure Coulomb potential and screened Coulomb potential. Fitting the identified modes of PG 0112+104 by the calculated ones, we studied the difference of element diffusion effect between adopting pure Coulomb potential and screened Coulomb potential. Our aim is to reduce the fitting error by studying new input physics. The starting models including their chemical composition profile are from white dwarf models evolved by MESA. They were calculated following the stellar evolution from the main sequence to the start of the white dwarf cooling sequences. The optimal parameters are basically consistent with that of previous spectroscopic and asteroseismological studies. The pure and screened Coulomb potential lead to different composition profiles of the C/O-He interface area. High k modes are very sensitive to the area. However, most of the observed modes for PG 0112+104 are low k modes. The σ RMS taking the screened Coulomb potential is reduced by 4% compared with taking the pure Coulomb potential when fitting the identified low k modes of PG 0112+104. Fitting the Kepler 2 data with our models improved the σ RMS of the fit by 27%.
INTRODUCTION
White dwarfs are the final evolutionary state for most of low and medium mass stars, which corresponds to around 98% of the end state of all stars (Winget & Kepler 2008) . For most white dwarfs, the nuclear fusion has basically stopped. Therefore, the white dwarfs gradually cool down through radiating. Along the evolution track of white dwarfs in the Hertzsprung-Russel diagram, there are DOV, DBV, and DAV instability strips. The DO type white dwarfs have rich helium (He) atmosphere with strong He II lines and the DOV instability strip is basically from 170000 K to 75000 K (Corsico et al. 2006) . The DB type white dwarfs have rich He atmosphere with strong He I lines and the DBV instability strip is basically from 29000 K to 22000 K (Beauchamp et al. 1999 , Bischoff-Kim & Østensen 2011). The DA type ⋆ E-mail: yhc1987@cxtc.edu.cn white dwarfs have rich hydrogen (H) atmosphere with only Balmer lines and the DAV instability strip is basically from 12270 K to 10850 K (Gianninas et al. 2005 , Gianninas et al. 2011 ).
There are now at least 20 DBV stars observed (Corsico 2009 ). The DBV stars can be used as an excellent probe to study the energy loss rate for plasma neutrino. The neutrino luminosity and photon luminosity have different characteristics at the blue and red ends of the DBV instability strip (Winget et al. 2004 ). The rate of period change for hot DBV stars, such as the DBV star EC 20058-5234 and PG 0112+104, would be closely related to the plasma reaction. With pure-He DB models, Beauchamp et al. (1999) fitted EC 20058-5234 with effective temperature of T ef f = 28400 K and fitted PG 0112+104 with T ef f = 31500 K.
EC 20058-5234 is the eighth DBV star found with a magnitude of V=15.6 (Koen et al. 1995) . Sullivan et al. (2008) presented an analysis of a total of 177 h of highc ???? RAS quality optical time-series photometry on EC20058-5234 and identified 8 independent l = 1 or 2, and m = 0 modes. The index l is the spherical harmonic degree and m is the azimuthal number. Based on those 8 identified modes, they did asteroseismological study on EC 20058-5234 and then obtained optimal models with T ef f ∼ 28200 K. Their asteroseismological results are consistent with the pure He spectral fitting of T ef f = 28400 K (Beauchamp et al. 1999) . The asteroseismology method is feasible and effective for the hot DBV star.
PG 0112+104 was first identified as a DB type white dwarf with strong He I lines by Greenstein et al. (1977) . PG 0112+104 locates around the blue edge of the DBV instability strip. The photometric variability of PG 0112+104 was studied by Robinson & Winget (1983) , Kawaler et al. (1994) , Shipman et al. (2002) , and Dufour et al. (2010) subsequently. The amplitude of pulsations for PG 0221+104 are too low to be detected. With 78.7 d (duty cycle of 96.0%) photometry from the Kepler space telescope, Hermes et al. (2017) detected 11 independent pulsation modes with 5 low-order dipole modes and 3 quadrupole modes for PG 0112+104. PG 0112+104 indeed pulsates and becomes the hottest known DBV star. The mode identifications for PG 0112+104, based on rotational frequency splitting, are quite reliable. The identified m = 0 modes can be used to constrain fitting models and the frequency splitting values can be used to probe the internal rotation at different depths.
DB type stars have ideal gas of He atmosphere on the degenerate carbon/oxygen (C/O) core. They have stellar masses around 0.60 M⊙ (Voss et al. 2007 . The stellar evolution theory constrains log(MHe/M * ) to the range -2.0 to -6.0, where MHe is the helium layer mass and M * is the stellar mass. If log(MHe/M * ) is larger than -2.0, the helium will be ignited (Iben 1991) and if log(MHe/M * ) is smaller than -6.0, the helium atmosphere will be polluted by carbon ). The effects of element diffusion and gravitational sedimentation make the white dwarfs stratification structure. The element diffusion scheme is important for the composition profiles and the detailed pulsation periods. Thoul et al. (1994) reported an element diffusion scheme in the solar interior. Adding the element diffusion scheme into the White Dwarf Evolution Code (WDEC), the element diffusion effect for white dwarfs was studied by Su et al. (2014) . The expression for the Coulomb logarithm (Eq. (9) in their paper) is for a pure Coulomb potential with a cutoff at the Debye radius. They use an analytical fit of Iben & MacDonald (1985) obtained from the results of Fontaine & Michaud (1979) . However, Paquette et al. (1986) reported that a screened Coulomb potential would provide a better description of the plasma for white dwarfs.
The mode identifications for PG 0112+104 based on rotational frequency splitting are quite reliable for DBV stars (Hermes et al. 2017) . The observed data, especially for the data set from the Kepler space telescope, usually has very high precision. The model fitting quality, in this field, is far worse than the quality of the observed data. As an additional motivation, studying the element diffusion effect of pure Coulomb potential and screened Coulomb potential is a good attempt of improving the model input physics. We try to do an asteroseismological study on PG 0122+104 taking the element diffusion effect of pure Coulomb potential and screened Coulomb potential into account. We can compare the fitting results with element diffusion effect of pure Coulomb potential and screened Coulomb potential. In Sect. 2, the photometric observations and mode identifications for PG 0112+104 are briefly reviewed. In Sect. 3, we introduce the input physics and model calculations. The asteroseismological study on PG 0112+104 are showed in Sect. 4. In Sect. 5, we give a discussion and conclusions.
PHOTOMETRIC OBSERVATIONS AND MODE IDENTIFICATIONS FOR PG 0112+104
Provencal et al. (2003) reported two low amplitude pulsations at 197.76±0.01 (0.874±0.14 mma) and 168.97±0.01 (0.833±0.14 mma) seconds for PG 0112+104, based on 30 hours of white-light photometry. The two periods are consistent with low-nodes g-mode pulsations for DBV stars. During Campaign 8 of the Kepler 2 mission, PG 0112+104 was observed for 78.7 days from 2016 January 04. Hermes et al. (2017) made a discrete Fourier transform on the released data and then they identified 11 independent modes, as shown in Table 1 (from Table 1 of Hermes et al. (2017) ). The two low amplitude modes identified by Provencal et al. (2003) were reproduced as f1a and f 2b in Table 1 . The modes with frequency splitting values basically from 14.5 µHz to 17.7 µHz were identified as l = 1 modes. Modes of f1 and f3 show complete triplets, while modes of f4, f7, and f11 show doublets. The modes of f2, f5, and f6 have frequency splitting around 23.5 µHz. They were identified as l = 2 modes, with incomplete components. Brickhill (1975) derived an approximate formula between frequency splitting (δν n,l ) and rotational period (Prot) as
where n is the radial order. According to Eq. (1), δνn,1/δνn,2 is 0.6. The value of 14.5 µHz/23.5 µHz is basically 0.6. In Table 1, f 1b and f 3b is the m = 0 components in their triplets. The modes of f2c and f5c are not observed and they are the m = 0 components in their quintuplets. For l = 1 modes, we mark a subscript b as the m = 0 component. For l = 2 modes, we mark a subscript c as the m = 0 component. The amplitude relations for modes of f2, f3, and f5 show that the angle of inclination of rotation axis (i) seems around 60
• (Pesnell 1985) . Therefore, Hermes et al. (2017) identified the observed f6 modes as f 6d and f6e (the amplitude of f 6d is larger than that of f6e). They calculated f6c (m = 0) as 194.8591 s. The amplitudes of f 2d and f 5d are larger than other components. The mode of f10 is close to the mode of f1. Therefore, it was identified as f 10d corresponding to f10c of 216.447 s. However, for l = 1 modes, the amplitudes of f1 modes are not consistent with the geometric effect of i ∼ 60
• . In fact, the amplitude of f1a (f 2b ) is various from 0.874 mma (0.833 mma) (Provencal et al. 2003) to 0.298 mma (0.249 mma) (Hermes et al. 2017) . For simplicity, the mode with large amplitude was identified as the m = 0 component for l = 1 doublets. Therefore, f4a, f 4b , f 7b , f7c, f 11b , f11c, and f 8b were identified. The mode of f9 was identified as f 9b (l = 1) or f 9d (l = 2 and f9c is 503.062 s). The detailed m = 0 modes are showed in Table 2 . Hermes et al. (2017) . In the header, F re. is pulsation frequency, P er. is corresponding period, Amp. is the amplitude, and δF re. is a value of frequency difference.
With the identified modes in Table 2 , Hermes et al. (2017) tried to study the differential rotational effect. They evolved grids of DBV star models by an updated version of WDEC. They adopted the parameterized structure without element diffusion (Hermes et al. 2017 , Bischoff-Kim et al. 2014 , Metcalfe 2015 . The evolved DBV stars were used to fit the 11 modes in Table 2 . However, the root-mean-square residual σRMS is 2.471 s for their best-fitting model. They also performed a surface rotation rate of 10.17404 hr from an apparent spot modulation in the Kepler 2 data. For the observed data, according to Eq. (1) Hermes et al. (2017) . l = 1 modes corresponds to a rotation rate of 9.58 hr (7.85 hr) and 23.2 µHz (23.8 µHz) for l = 2 modes corresponds to a rotation rate of 9.98 hr (9.73 hr). However, the present asteroseismology model with σRMS = 2.471 s is not good enough to probe the differential rotation with depths. In our work, the modes identified in Table 2 are used to check the DBV star models with the application of screened Coulomb potential. The input physics and model calculations are displayed in the next section.
INPUT PHYSICS AND MODEL CALCULATIONS
In this section, we introduce the input physics and model calculations. Paxton et al. (2011 Paxton et al. ( , 2013 reported a stellar evolution code of Modules for Experiments in Stellar Astrophysics (MESA). Based on thermal nuclear reactions (Caughlan & Fowler 1988 , Angulo et al. 1999 , MESA can evolve a star from main-sequence (M S) stage to the white dwarf (W D) stage. The MESA version 6208 is downloaded and installed. With the module 'make co wd', a group of M S stars are evolved to the W D stage, as shown in Table 3 . WDEC was first derived by Schwarzschild. It was modified and updated by Kutter & Savedoff (1969) , Lamb & van Horn (1975) , and Wood (1990) respectively. WDEC can evolve white dwarfs with artificially constructed C/O core compositions and C/O-He, He/H diffusive equilibrium profiles. Itoh et al. (1983 Itoh et al. ( , 1984 ) calculated the opacities. The equation of state is derived by Lamb (1974) and Saumon, Chabrier & van Horn (1995) . The standard mixing length theory is used (Böhm & Cassinelli 1971 , Tassoul, Fontaine & Winget 1990 ). The mixing length parameter (mixing length over pressure scale height) α is adopted as 1.25 for calculations (Beauchamp et al. 1999 . The W D cores evolved by MESA, as shown in the second column in Table 3 , are used to match the W D stars evolved by WDEC. The W D cores evolved by MESA, together with structure parameters of mass, radius, luminosity, pressure, temperature, entropy, and C abundance, are inserted into WDEC to evolve DBV stars. The corresponding W D masses are shown in the third column in Table 3 . Su et al. (2014) added the element diffusion scheme of Thoul et al. (1994) into WDEC and did an asteroseismological study on a DAV star KUV 11370+4222. The equation of Coulomb logarithm (Eq. (9) in Thoul et al. 1994 ) is treated as a pure Coulomb potential with a cutoff at the Debye radius. The DBV stars evolved in this method are treated as results of taking the element diffusion effect with pure Coulomb potential into account.
The scheme of Thoul et al. (1994) was used in the solar interior. For white dwarfs, a Debye-like potential of
is used. In Eq. (2), Zs, Zt are particle charges and r is the distance. The parameter λ is the greater one between the Debye length λD and the mean ionic distance, a0 = [3/4πni] 1/3 , where ni is the ionic number density.
The Burgers equations for momentum and energy conservation (Eq. (12) and (13) in Thoul et al. 1994 ) are replaced by (Muchmore 1984 , Cox, Guzik & Kidman 1989 In Eq. (3) and (4), ps, ρs, ns, qs, and ms are respectively the partial pressure, mass density, number density, charge, and mass for species s. The parameter ω is the diffusion velocity, r is the residual heat flow vector, T is the temperature, and E is the electric field. An independent variable φ (Eq. (21) in Muchmore 1984) is defined as
where,
Muchmore (1984) 
By replacing Eq. (9, 12, 13) in Thoul et al. (1994) with Eq. (1, 2, 22-25) in Muchmore (1984) , the evolved DBV stars are treated as results of taking the element diffusion effect with screened Coulomb potential into account. According to Fig. 3 of Zhang (2017), the calculated potential in this method is the repulsive potential. We will test the effect of screened Coulomb potential by an analysis of the pulsation spectrum of PG 0112+104. Calculating the diffusion effect with pure Coulomb potential and screened Coulomb potential, two grids of DBV star models are evolved. Dufour et al. (2010) derived a selfconsistent T ef f of 31,300±500 K, a surface gravity of logg = 7.8±0.1 (M * = 0.52±0.05 M⊙) for PG 0112+104, based on optical data. Therefore, we just evolve M S stars of 2.0 M⊙-3.4 M⊙, which corresponds to W D core masses of 0.475 M⊙-0.600 M⊙. The effective temperature T eff is from 34000 K to 28000 K with a step of 200 K. The total stellar mass M * is from 0.460 M⊙ to 0.600 M⊙ with a step of 0.005 M⊙. The helium mass fraction log(MHe/M * ) is from -4.0 to -7.0 with a step of 0.5. To evolve DBV star models, the hydrogen mass fraction is set as infinitely small (log(MH/M * ) = -200) and the hydrogen abundance is set as 0.0. For each grid of DBV star models, more than 6000 models are evolved. Then, based on the pulsation code of Li (1992a,b) , we numerically solve the full equations of linear and adiabatic oscillation on those DBV star models. The eigen-frequencies can be found one by one and then be used to fit the observed modes in Table 2 .
THE ASTEROSEISMOLOGICAL STUDY ON PG 0112+104
In Sect. 2, we review the mode identifications for PG 0112+104. There are 5 l = 1 modes, 3 l = 2 modes, 3 l = 1 or 2 modes identified, as shown in Table 2 . The 11 modes are used to constrain the fitting models. In Sect. 3, we introduce the method of evolving DBV star models taking the element diffusion effect with pure and screened Coulomb potential into account. In this section, we discuss the asteroseismological study on PG 0112+104. The grids of DBV star models are used to fit the observed modes in Table 2 . The root-mean-square residual (σRMS) is used to evaluate the quality of the fitting results, which is expressed by
In Eq. (8), n is the number of observed modes. It is 11 for PG 0112+104 in this paper. The smaller the value of σRMS, basically for a fitting model, the better the fitting results. For the DBV star models with both screened Coulomb potential and pure Coulomb potential, the helium atmospheres for the optimal models are log(MHe/M * ) = -6.0. The colour residual diagram is shown in Fig. 1 and Fig. 2 respectively. For the scenario of taking screened Coulomb potential, the optimal model is M * = 0.545 M⊙, T eff = 30200 K, and σRMS = 1.806 s. For the scenario of taking pure Coulomb potential, the optimal model is M * = 0.550 M⊙, T eff = 30000 K, and σRMS = 1.885 s. The two model parameters are very close, with only 0.005 M⊙ and 200 K differences.
In Table 4 , we show the optimal model selected in Fig.  1 and the detailed fitting results. The calculated range of pulsation periods is from 100 s to 1300 s. There are 28 l = 1 modes and 49 l = 2 modes for the model of M * = 0.545 M⊙, T eff = 30200 K, and log(MHe/M * ) = -6.0. In table 2, totally 6 modes are fitted by l = 1 modes and 5 modes are fitted by l = 2 modes. For the model, the value of σRMS is 1.806 s. We also show a parameter σp, which is the observed period (P er.) minus the calculated period (P mod (l, k) ). The maximum value of the absolute value of σp is 3.363 s, fitting the observed mode of f 1b . Except for fitting the modes of f 1b and f6c, the fitting errors of other modes are less than 2 seconds. The mode of f 9d is identified as 503.062 s, being fitted by 504 .184 s (l=2, k=18) .
In Table 5 , we show the optimal models of spectroscopic and asteroseismological results. The values of T eff of two as- teroseismological studies are slightly smaller than that of the spectroscopic study of Dufour et al. (2010) and consistent with that of the spectroscopic study of Bergeron et al. (2011) . The values of M * of two asteroseismological studies are consistent with that of the spectroscopic study of Dufour et al. (2010) . Hermes et al. (2017) made grids of the central O abundance relative to C, the mass fraction of the homogeneous C/O core, the location of the mixed C/He layer, and the location of the He abundance rising to 1. They adopted the parameterized structure, without element diffusion (Hermes et al. 2017 , Bischoff-Kim et al. 2014 , Metcalfe 2015 . Their optimal model has σRMS = 2.471 s. They identified the l = 1 modes as k = 2-7, the l = 2 modes as k = 4-7 except the relatively long-period mode f9. We insert the core compositions of thermal nuclear burning results from white dwarf models evolved by MESA into WDEC to evolve DBV stars. The element diffusion scheme is added with adopting pure and screened Coulomb potential. For these methods, the optimal models are very close, as shown in Fig. 1 and Fig. 2 . For the scenario of taking screened Coulomb potential, the optimal model has σRMS = 1.806 s, which is a substantial improvement on the previous analysis. In addition, we identify the l = 1 modes as k = 1-6, the l = 2 modes as k = 3-6, 18, as shown in Table 4 . The major difference between the Hermes et al. (2017) and the present study is the use of detailed stellar models as input for the WDEC code.
In Fig. 3 , we show the compositions profiles and corresponding Brunt-Väisälä frequency for two models of M * = 0.545 M⊙, T eff = 30200 K, and log(MHe/M * ) = -6.0. The red solid line is the model evolved by adopting the screened Coulomb potential, while the green dashed one is the model evolved by adopting the pure Coulomb potential. The differences locate at the interface area of C/O-He, the area of
Table 4. The fitting result of the optimal model adopting screened Coulomb potential. The value σp is P er. minus P mod (l, k) in seconds. Table 5 . Table of optimal models. The ID number 1, 2, 3, and 4 means results of Dufour et al. (2010) , Bergeron et al. (2011 ), Hermes et al. (2017 , and the present paper, respectively.
log(Mr/M * ) around -6.0. Correspondingly, there are some differences for the Brunt-Väisälä frequency at the area of log(Mr/M * ) around -6.0 in the up panel. Modes with high k values, who are sensitive to this area, have a chance to distinguish the differences.
In Fig. 4 and Fig. 5 , we show the fitting results for l = 1 modes and l = 2 modes based on the two models calculated in Fig. 3 . A linear fit of the calculated periods in Table 4 were performed and subtracted from corresponding periods. Then, Fig. 4 and 5 can be drawn. For l = 1 modes, the value of k is 1, 2, 3, 4, 5, and 6. For l = 2 modes, the value of k is 3, 4, 5, 6, and 18. Except for the mode of l = 2, k = 18 (f9), the other 10 observed modes are short period modes with low k values. The calculated corresponding low k modes are basically overlapping in Fig. 4 and 5. The low k modes are not sensitive to the thin area of log(Mr/M * ) around -6.0. Actually, there are only small differences between the models with the screened potential (red, plus signs) and the pure potential (green, x's). However, mode l=2, k=18 is very sensitive to this layer and predicted periods are very different between the two models. This mode is much better fitted by the model with the screened potential.
In general, most of the observed modes for PG 0112+104 are low k modes, which are not sensitive to the interface area of C/O-He. The differences are not obvious for the DBV star models taking element diffusion effect with pure Coulomb potential and screened Coulomb potential fitting PG 0112+104. If we observe many high k modes, the differences will be obvious.
DISCUSSION AND CONCLUSIONS
In this paper, we reported the results for the application of screened Coulomb potential in fitting DBV star PG 
Figure 4. The fitting diagram for l = 1 modes. The two models are same with which in Fig. 3 . The red one is the model evolved by adopting the screened Coulomb potential, while the green one is the model evolved by adopting the pure Coulomb potential. The blue filled dots represent the observed modes for l = 1. The calculated l = 1 modes in Table 4 are linear fitted. The figure is drawn by subtracting the fitting function from both the observed modes (P er.) and the calculated modes (P mod (l, k)). 0112+104. PG 0112+104 was observed for 78.7 days from 2016 January 04 during Campaign 8 of the Kepler 2 mission. Based on the observations, Hermes et al. (2017) made a detailed mode identification for PG 0112+104. We briefly review the photometric observations and mode identifications. There are 5 l = 1 modes, 3 l = 2 modes, and 3 l = 1 or 2 modes identified, as shown in Table 2 . Then, we followed the evolution of white dwarfs down their cooling tracks. Changes in their chemical composition profiles due to diffusion were modelled using two different descriptions of the Coulomb potential. Unlike the models of Hermes et al. (2017) , the DBV star models in this paper have evolved core compositions (from M S stage to the W D cooling stage) and element diffusion profiles with pure and screened Coulomb potential. The eigen-modes are calculated by the pulsation code of Li (1992a,b) and then are used to fit the identified modes of PG 0112+104. Fitting PG 0112+104, we studied the differences for the DBV star models taking element diffusion effect with pure Coulomb potential and screened Coulomb potential. For our fitting results, T eff is 1.3% smaller than results of Hermes et al. (2017) and M * is 0.9% larger than their results. However, the fitting error σRMS is reduced by 27%, as shown in Table 5 . The asteroseismological studies are basically consistent with previous spectroscopic studies for PG 0112+104 (Dufour et al. 2010 .
Fitting PG 0112+104, the differences are not obvious for the DBV star models taking element diffusion effect with pure Coulomb potential and screened Coulomb potential, as shown in Fig. 1 and 2 . The differences are very obvious for the composition profiles of the C/O-He interface for the two scenarios. The high k modes are very sensitive to the area of C/O-He interface. However, all the observed modes for PG 0112+104 except for the 503 s mode are low k modes. They are not sensitive to the area of C/O-He interface. Therefore, the overall improvement of the σRMS is only 4% for the screened Coulomb potential comparing with the pure Coulomb potential. However, the one high k mode observed in PG 0112+104 is much better reproduced by the model calculated with the screened potential. If there were high quality photometric observations with many high k modes for some DBV star, the differences would be detected.
